In Saccharomyces cerevisiae, Snf1 protein kinase is important for growth on carbon sources that are less preferred than glucose. When glucose becomes limiting, Snf1 undergoes catalytic activation, which requires phosphorylation of its T-loop threonine (Thr210). Thr210 phosphorylation can be performed by any of three Snf1-activating kinases: Sak1, Tos3, and Elm1. These kinases are redundant in that all three must be eliminated to confer snf1⌬-like growth defects on nonpreferred carbon sources. We previously showed that in addition to glucose signaling, Snf1 also participates in nitrogen signaling and is required for diploid pseudohyphal differentiation, a filamentous-growth response to nitrogen limitation. Here, we addressed the roles of the Snf1-activating kinases in this process. Loss of Sak1 caused a defect in pseudohyphal differentiation, whereas Tos3 and Elm1 were dispensable. Sak1 was also required for increased Thr210 phosphorylation of Snf1 under nitrogen-limiting conditions. Expression of a catalytically hyperactive version of Snf1 restored pseudohyphal differentiation in the sak1⌬/sak1⌬ mutant. Thus, while the Snf1-activating kinases exhibit redundancy for growth on nonpreferred carbon sources, the loss of Sak1 alone produced a significant defect in a nitrogenregulated phenotype, and this defect resulted from deficient Snf1 activation rather than from disruption of another pathway. Our results suggest that Sak1 is involved in nitrogen signaling upstream of Snf1.
Snf1 protein kinase of the yeast Saccharomyces cerevisiae belongs to the conserved Snf1/AMP-activated protein kinase (AMPK) family; members of this family play central roles in responses to metabolic stress in eukaryotes (reviewed in references 17 and 18) . Interest in Snf1/AMPK pathways is high due to their important functions. Deregulation of AMPK signaling in humans has been linked to type 2 diabetes, heart disease, and cancer (for a review, see reference 16). Snf1 homologs of pathogenic fungi have been implicated in virulence and drug resistance (23, 63, 64) .
Yeast Snf1 (Cat1, Ccr1) was first identified by its requirement for growth on carbon sources that are less preferred than glucose (5, 7, 65) . Subsequent evidence indicated that Snf1 protein kinase (6) is directly involved in glucose signaling, since its activity is stimulated in response to glucose limitation (62) . Catalytic activation of Snf1 occurs through phosphorylation of its conserved T-loop threonine (Thr210) (12) by upstream kinases (40, 62). Three protein kinases-Sak1, Tos3, and Elm1-have been identified that can phosphorylate Thr210 of Snf1 (22, 41, 55) . These kinases are related to the mammalian kinases that activate AMPK by phosphorylating the equivalent T-loop threonine (Thr172) (reviewed in references 17 and 18). We recently presented evidence that Snf1 homologs of two pathogenic Candida species, Candida albicans and C. glabrata, also undergo T-loop phosphorylation (42).
It is not entirely clear why S. cerevisiae has three different kinases that can activate Snf1. Judging by assays of Snf1 kinase activity, Sak1 makes the largest individual contribution to Snf1 activation in the cell (19, 22) . However, deletion of SAK1 alone does not result in growth defects on alternative carbon sources, and all three Snf1-activating kinases must be eliminated to produce a phenotypic defect comparable to that of the snf1⌬ mutant (22, 39, 55) . Deletion of TOS3 was reported to moderately affect growth on nonfermentable carbon sources; this correlated with a reduction in Snf1 activity, although effects on another pathway(s) cannot be excluded (25) . Mutation of ELM1 affects cell cycle progression and cell morphology, but this effect is unrelated to Elm1's role as a Snf1-activating kinase and pertains to its role in the activation of Nim1-related protein kinases involved in morphogenesis checkpoint control (1, 56) .
While showing significant redundancy for growth on nonpreferred carbon sources, the Snf1-activating kinases could exhibit specialization in Snf1 signaling in response to stresses other than carbon stress. Evidence indicates that Snf1 is important for adaptation to a number of stress conditions (reviewed in reference 18). In some cases, such as genotoxic stress or exposure to hygromycin B, weak activity of unphosphorylated Snf1 appears to be sufficient for resistance (10, 48) . In others, such as sodium ion stress and alkaline stress, Thr210 phosphorylation of Snf1 is required for adaptation, and Snf1 becomes activated upon stress exposure (21, 40) . As with glucose limitation, however, in these latter cases Sak1 makes the largest contribution to Snf1 activation judging by biochemical assays, and yet it remains dispensable for wild-type levels of stress-resistant growth in phenotypic tests; loss of all three Snf1-activating kinases results in growth defects comparable to those of cells lacking Snf1 (21) . Thus, investigation of these stresses provided no evidence for phenotypically relevant specialization of Sak1, Tos3, or Elm1 in Snf1 signaling.
Diploid pseudohyphal differentiation is a developmental response to nitrogen limitation (15) . When nitrogen becomes limiting, diploid cells adopt elongated morphology, alter their budding pattern, and generate filaments (pseudohyphae) consisting of chains of cells attached to one another. One of the key events in this process is activation of the FLO11 (MUC1) gene, which encodes a cell surface glycoprotein involved in cell-cell adhesion (29, 33, 34) . Following up on an observation that Snf1 is important for FLO11 expression on low glucose, we previously found that diploids lacking Snf1 fail to undergo pseudohyphal differentiation on low nitrogen (27, 28) . The requirement of Snf1 for a nitrogen-regulated process raised the possibility that Snf1 is directly involved in nitrogen signaling. In support of this notion, we subsequently showed that weak activity of nonphosphorylatable Snf1-T210A is not sufficient for pseudohyphal differentiation and that Thr210 phosphorylation of Snf1 increases in response to nitrogen limitation (43).
Here, we have examined the roles of Sak1, Tos3, and Elm1 in pseudohyphal differentiation and Snf1 activation on low nitrogen. We show that elimination of Sak1 leads to a significant defect in nitrogen-regulated pseudohyphal differentiation, whereas Tos3 and Elm1 are dispensable. Sak1 is also required for normal Thr210 phosphorylation of Snf1 under nitrogenlimiting conditions. Our data strongly suggest that the loss of Sak1 affects pseudohyphal differentiation by affecting Snf1 activation and not by disruption of another pathway. Collectively, our findings implicate Sak1 in nitrogen signaling upstream of Snf1.
MATERIALS AND METHODS
Strains and genetic methods. The S. cerevisiae strains used in the present study are listed in Table 1 . The strains were in the ⌺1278b genetic background and were descendants of strains MY1384 (MATa, prototroph), MY1401 (MAT␣ ura3⌬ leu2⌬ his3⌬), and MY1402 (MATa ura3⌬ leu2⌬ trp1⌬) of the isogenic Sigma2000 series (Microbia, Cambridge, MA). Derivatives carrying snf1⌬::KanMX6 and sak1⌬::KanMX4 have been described (42, 43). To generate tos3⌬::His3MX6, elm1⌬::KanMX4, and swe1⌬::KanMX6 single mutants, wild-type strains were transformed with PCR fragments encompassing the marker sequences with flanks homologous to the flanks of the open reading frames to be deleted; all yeast transformations were performed by using standard methods (51) . Gene deletions were confirmed by PCR analysis of genomic DNA. Strains carrying deletion combinations were constructed by genetic crossing and their genotypes were confirmed by PCR; homozygous mutant diploids were obtained by mating appropriate mutant haploids (51) .
Plasmids. pIT517 expresses N-terminal triple hemagglutinin (HA)-tagged Snf1-G53R from the yeast ADH1 promoter of vector pWS93 (43, 54). pM36 expresses N-terminal triple HA-tagged Sak1 and was constructed by introducing a PCR-amplified DNA fragment encompassing the SAK1 open reading frame into the XmaI site of vector pWS93. To construct pSM14, the wild-type SNF1 gene, including 1.1 kb of its upstream regulatory sequence, was amplified by PCR and cloned into the BamHI site of vector pRS316 (53) . pMO16 was derived from pSM14 by introducing a mutation that changes the Thr210 codon of SNF1 to an Ala codon, using the QuikChange XL site-directed mutagenesis kit (Stratagene) and a pair of complementary mutagenic primers that also create a silent diagnostic HindIII site overlapping the Ala210 codon.
Pseudohyphal differentiation assays. Solid synthetic low ammonia plus 2% dextrose (SLAD) medium containing 50 M ammonium sulfate as the sole nitrogen source was used for standard pseudohyphal differentiation assays (15) . Deviations from this medium composition were as specified in the text. Colonies were generated by micromanipulating single cells (at least a dozen per datapoint) to open areas of the plate, followed by incubation at 30°C for 4 days; when 1.0 mM ammonium sulfate was used as the nitrogen source, the cells were grown for 2 days. Representative colonies were photographed by using a Nikon Eclipse 80i microscope (10 ϫ objective), a CoolSnap HQ 2 camera (Photometrics), and NIS-Elements BR 3.01 software (Nikon Corp.).
Immunoblot assays of Thr210 phosphorylation. For nitrogen-rich conditions, cells were grown at 30°C to mid-log phase (optical density at 600 nm [OD 600 ] of 0.4 to 0.5) in synthetic complete medium (51) . For nitrogen-limiting conditions, the above cells were shifted to liquid SLAD medium containing 50 M ammonium sulfate as the sole nitrogen source and abundant (2%) glucose (15) for 20 min; alternatively, cells were inoculated directly in liquid SLAD at an OD 600 of 0.02 and grown at 30°C for 15 h to an OD 600 of 0.07 to 0.11 (i.e., approximately for two generations), which is still ϳ2-fold below the maximum achievable on SLAD. Protein extracts were prepared by the heat inactivation/ alkaline treatment method as recently described (42). Briefly, cultures or culture aliquots (3 to 5 ml) were placed in a boiling water bath for 3 min to arrest Snf1 in its culture-specific Thr210 phosphorylation state, followed by cooling, harvesting, mild alkaline treatment, and extraction by boiling in SDS-PAGE loading buffer. Proteins were separated by SDS-PAGE and analyzed by immunoblotting with anti-phospho-Thr172-AMPK (Cell Signaling Technology), which strongly recognizes phospho-Thr210-Snf1; total Snf1 protein levels were determined by reprobing the blots with anti-polyhistidine antibody H1029 (Sigma-Aldrich), which strongly recognizes a fortuitous stretch of 13 consecutive histidines (amino acids 18 to 30) present in Snf1 
RESULTS
Sak1 is required for pseudohyphal differentiation in response to low nitrogen, and Tos3 is dispensable. We first addressed the roles of Sak1 and Tos3; since the loss of Elm1 causes strong constitutive filamentation, its effects were analyzed in the absence of Swe1 (see below). Prototrophic wildtype, sak1⌬/sak1⌬, tos3⌬/tos3⌬, and sak1⌬/sak1⌬ tos3⌬/tos3⌬ diploids were constructed in the dimorphic ⌺1278b genetic background and tested for pseudohyphal differentiation on low nitrogen SLAD medium containing 50 M ammonium sulfate as the sole nitrogen source and abundant (2%) glucose (15) . In this and other experiments, colonies were grown from single cells micromanipulated to open areas of the plate. The sak1⌬/ sak1⌬ mutant exhibited a significant phenotypic defect (Fig. 1) . In contrast, the tos3⌬/tos3⌬ mutant was indistinguishable from the wild type. The sak1⌬/sak1⌬ tos3⌬/tos3⌬ double mutant showed a defect similar to that of the sak1⌬/sak1⌬ single mutant.
The mutant defects were not absolute, and filamentation could still be observed around dense cell patches. Such density dependence however suggested that this filamentation is facilitated by local colimitation for another nutrient, most likely glucose (8, 24, 60) . As described further below, reducing the glucose content of the low nitrogen medium can restore filamentation in the absence of Sak1 (but not Snf1).
Elm1 is dispensable for nitrogen-regulated pseudohyphal differentiation. Elm1 stands out among the Snf1-activating kinases in that its loss causes strong constitutive filamentation both in haploids and diploids (4) , greatly complicating the analysis of its possible requirement for pseudohyphal differentiation as a response to low nitrogen. Lack of Elm1 does not lead to any unexpected increase in Snf1 activity (21) that could explain this constitutive phenotype. Evidence indicates that in addition to being a Snf1-activating kinase, Elm1 activates Nim1-related protein kinases involved in morphogenesis checkpoint control, which in turn negatively regulate Swe1, a protein kinase that phosphorylates and negatively regulates the cell cycle progression kinase Cdc28 (1, 2, 56) . Previous studies done with haploids attributed the constitutive filamentation of elm1 mutants to the Swe1-dependent mitotic delay, as mutation of SWE1 suppresses elm1 (11, 44) .
It seemed likely that, by analogy to haploids, elimination of Swe1 would suppress the constitutive filamentation of Elm1-less diploids and thus unmask any defects that the lack of Elm1 might produce in the nitrogen-regulated phenotype; importantly, Swe1 is dispensable for diploid pseudohyphal differentiation under standard nitrogen-limiting conditions (30) . We constructed diploids lacking Elm1, Swe1, and both, and tested them on two media: standard SLAD medium containing 50 M ammonium sulfate as the sole nitrogen source and an otherwise identical medium containing 1.0 mM ammonium sulfate, which inhibits pseudohyphal differentiation in the wild type (47) (Fig. 2A) . The elm1⌬/elm1⌬ mutant diploid was filamentous on both media. The elm1⌬/elm1 swe1⌬/swe1⌬ double mutant lost the constitutive component but still exhibited pseudohyphal differentiation on standard SLAD. In control experiments, a triple mutant lacking all three Snf1-activating kinases (but retaining Swe1) was filamentous on standard SLAD, whereas the quadruple mutant lacking Sak1, Tos3, Elm1, and Swe1 exhibited a defect, a finding consistent with Thr210 phosphorylation being phenotypically relevant when the absence of Elm1 is suppressed by the absence of Swe1 (Fig.  2B) . A triple mutant lacking Tos3, Elm1, and Swe1 (with Sak1 as the only Snf1-activating kinase) showed normal pseudohyphal differentiation. These results provided strong evidence that Elm1 is dispensable for nitrogen-regulated pseudohyphal differentiation, and that Sak1 alone is sufficient.
Lack of Sak1 affects Thr210 phosphorylation of Snf1 on low nitrogen. We addressed whether the pseudohyphal differentiation defect of the sak1⌬/sak1⌬ mutant is associated with a defect in Snf1 activation on low nitrogen. We first performed immunoblot assays of Thr210 phosphorylation of Snf1 after growth in nitrogen-rich conditions and following a shift to nitrogen-limiting conditions. In the wild type, Thr210 phosphorylation increased in response to nitrogen limitation as expected (43); in contrast, no significant increase was observed in the sak1⌬/sak1⌬ mutant (Fig. 3A) . Since pseudohyphal differentiation is a response spanning more than one generation, we also assayed Thr210 phosphorylation after extended growth in liquid SLAD (approximately two generations; see Materials and Methods). Thr210 phosphorylation in SLAD-grown sak1⌬/ sak1⌬ cells was reduced relative to the wild type (Fig. 3B, lanes  1 and 2) , which was consistent with the shift experiments. In control experiments, no appreciable signal was detected in SLAD-grown cells lacking all three Snf1-activating kinases, with or without Swe1 (Fig. 3B, lanes 3 and 4) . Thr210 phosphorylation in cells lacking Tos3 alone, Elm1 alone, Elm1 and Swe1, as well as Tos3, Elm1, and Swe1, was similar to that in the wild type (Fig. 3C, lanes 1 to 5) . These results suggested that Sak1 is necessary and sufficient for normal Thr210 phosphorylation of Snf1 under nitrogen-limiting conditions. The Snf1 activation defect in the sak1⌬/sak1⌬ mutant is phenotypically relevant. To assess the phenotypic relevance of the observed Thr210 phosphorylation defect in the sak1⌬/ sak1⌬ mutant, we used Snf1-G53R, a catalytically hyperactive Gly53-to-Arg mutant kinase (12); Snf1-G53R can stimulate pseudohyphal differentiation in the presence of elevated nitrogen levels (43). Expression of this hyperactive kinase restored normal pseudohyphal differentiation in a sak1⌬/sak1⌬ mutant, as did expression of Sak1 itself from the same vector (Fig. 4) , supporting the notion that the phenotypic defect in the absence of Sak1 results from deficient Snf1 activation. Furthermore, we reasoned that if Sak1 stimulates pseudohyphal differentiation by activating Snf1, then the requirement for Sak1 could be relaxed by engaging the other Snf1-activating kinases. Sak1, Tos3, and Elm1 all contribute to Snf1 activation during glucose limitation (22, 39, 55) . We therefore tested whether reducing the glucose content of the low nitrogen medium would restore pseudohyphal differentiation in the absence of Sak1. Assays were performed on a medium identical to SLAD except that 2% glucose was replaced with 0.2% glucose plus 1% sucrose (designated SLAd/S medium); sucrose was added to satisfy the requirements of the Gpr1 sugar sensor pathway (36). Under these conditions, the sak1⌬/sak1⌬ mutant exhibited vigorous pseudohyphal differentiation that was only slightly inferior to that of the wild type (Fig. 5A) . Assays of Thr210 phosphorylation of Snf1 paralleled these phenotypic observations: upon shift from SLAD to SLAd/S, the level of Thr210 phosphorylation in the sak1⌬/sak1⌬ mutant became similar to that observed in the SLAD-grown wild type (Fig. 5B) . In control experiments, cells expressing no Snf1 or expressing nonphosphorylatable Snf1-T210A remained nonfilamentous on SLAd/S (Fig. 5A and C) , as they are on standard SLAD (28, 43) . Thus, these findings further supported
FIG. 2. Elm1 is dispensable for nitrogen-regulated pseudohyphal differentiation. (A) Prototrophic diploid strains KY72 (wild type, WT), KY93
(elm1⌬/elm1⌬), KY96 (elm1⌬/elm1⌬ swe1⌬/swe1⌬), KY99 (swe1⌬/swe1⌬), and KY78 (tos3⌬/tos3⌬) were assayed on standard pseudohyphal differentiation-inducing SLAD medium containing 50 M ammonium sulfate as the sole nitrogen source (50 M; upper panel) and on an otherwise identical medium containing 1.0 mM ammonium sulfate (1.0 mM; lower panel). Colonies were grown at 30°C for 4 days (upper panel) and for 2 days (lower panel). (B) Prototrophic diploid strains KY72 (WT), KY102 (sak1⌬/sak1⌬ tos3⌬/tos3⌬ elm1⌬/elm1⌬), KY105 (sak1⌬/sak1⌬ tos3⌬/ tos3⌬ elm1⌬/elm1⌬ swe1⌬/swe1⌬), and KY108 (tos3⌬/tos3⌬ elm1⌬/elm1⌬ swe1⌬/swe1⌬) were assayed on standard SLAD medium; colonies were photographed after 4 days of growth at 30°C.
FIG. 3. Loss of Sak1 affects Thr210 phosphorylation of Snf1 under
nitrogen-limiting conditions. Cellular levels of phospho-Thr210-Snf1 (PT210) and total Snf1 protein (Total) were analyzed by immunoblotting as described in Materials and Methods. (A) Cells were grown to mid-log phase in nutrient-rich synthetic medium (high nitrogen, H) and shifted for 20 min to SLAD medium (low nitrogen, L). The strains were KY72 (wild type, WT) and KY75 (sak1⌬/sak1⌬). (B and C) Diploids homozygous for the indicated wild-type alleles (ϩ) or homozygous for the corresponding knockout alleles (Ϫ) were grown in liquid SLAD for approximately two generations as described in Materials and Methods. (B) The strains were KY72, KY75, KY102, and KY105. (C) In lanes 1 to 5, the strains were KY72, KY78, KY93, KY96, and KY108, respectively; in lanes 6 and 7, strain KY117 carried plasmid pMO16 expressing Snf1-T210A (TA) or carried the corresponding empty vector pRS316 (V).
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Snf1 activation as the limiting step in the sak1⌬/sak1⌬ mutant when nitrogen is the only limiting nutrient. Collectively, these results provided strong evidence that loss of Sak1 affects nitrogen-regulated pseudohyphal differentiation by affecting Snf1 activation.
DISCUSSION
The Snf1-activating kinases Sak1, Tos3, and Elm1 exhibit redundancy for growth on nonpreferred carbon sources and under conditions of alkaline and sodium stress. Here, we have addressed the roles of these kinases in diploid pseudohyphal differentiation in response to nitrogen limitation. We present evidence that loss of Sak1 confers a significant defect, whereas Tos3 and Elm1 are dispensable. Sak1 is also required for normal Thr210 phosphorylation of Snf1 under nitrogen-limiting conditions.
An important point to verify was that loss of Sak1 affects pseudohyphal differentiation primarily by affecting Snf1 activation and not by disrupting another pathway. Eukaryotic Snf1/AMPK-activating kinases can stimulate multiple protein kinase pathways. Mammalian LKB1, the principal upstream kinase for AMPK, phosphorylates and activates thirteen protein kinases (32) . Recent studies in yeast showed that in addition to being a Snf1-activating kinase, Elm1 also phosphorylates and activates Gin4 and Hsl1, two Nim1-related, bud neck-associated protein kinases with roles in septin organization and morphogenesis checkpoint control (1, 56) . Although Sak1 has not yet been shown to activate any other protein kinases besides Snf1, identification of additional physiologically relevant Sak1 targets may be a matter of time. To address the phenotypic relevance of the Snf1 activation defect in the sak1⌬/sak1⌬ mutant, we conducted dominant epistasis tests using a hyperactive Snf1 mutant. A previous attempt to generate a constitutively activated version of Snf1 by replacing Thr210 with an aspartic acid was unsuccessful (12) . We therefore used a catalytically hyperactive Snf1-G53R mutant identified by random mutagenesis and function-based screening The levels of phospho-Thr210-Snf1 (PT210) and total Snf1 protein (Total) were analyzed by immunoblotting. The strains were KY72 (WT), KY75 (sak1⌬/sak1⌬), and KY117 transformed with pMO16 expressing Snf1-T210A (T210A). (C) Transformants of strain KY117 (snf1⌬/snf1⌬) carrying plasmids pM14 (Snf1), pMO16 (Snf1-T210A), or the corresponding empty vector pRS316 (Vector) were analyzed for pseudohyphal differentiation on SLAd/S; colonies were photographed after 4 days of growth at 30°C.
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ORLOVA ET AL. EUKARYOT. CELL (12) . The exact mechanism by which the Gly53-to-Arg mutation confers catalytic hyperactivity is not well understood. Although the activity of Snf1-G53R still apparently benefits from Thr210 phosphorylation (26) , the expression of Snf1-G53R can suppress the growth defect of the triple sak1⌬ tos3⌬ elm1⌬ mutant on nonfermentable carbon sources (our unpublished result), suggesting that the mutation produces a conformational change resembling that induced by Thr210 phosphorylation. We show that expression of Snf1-G53R in a sak1⌬/ sak1⌬ diploid restores pseudohyphal differentiation to the wild-type level. This and other results provide strong evidence that the phenotypic defect caused by the absence of Sak1 is primarily due to deficient Snf1 activation. However, we cannot exclude that Sak1 at least partly contributes to pseudohyphal differentiation by additional mechanisms. Because of its relevance to fungal pathogenesis, pseudohyphal differentiation in S. cerevisiae has been extensively studied, revealing the participation of a complex signaling network (reviewed in references 13, 14, 45, 46, 50, 58, and 61) . Besides Snf1, this network includes prominent cellular regulators such as RAS, cAMP-dependent protein kinase (PKA), target-ofrapamycin (TOR) protein kinase, and others. RAS functions upstream of the Ste-Kss1 mitogen-activated protein kinase (MAPK) pathway, which positively regulates pseudohyphal differentiation (31, 37) . RAS also stimulates PKA, which regulates pseudohyphal differentiation both positively and negatively via its distinct Tpk catalytic isoforms (47, 49). Pseudohyphal differentiation is both positively and negatively controlled by TOR, whose roles are mediated by multiple effectors, including PKA, a PKA-related protein kinase Sch9, and Npr1 protein kinase (9, 35, 36, 38, 52, 59) . Critical signals regarding nitrogen and carbon availability also arrive from the Mep2 ammonium permease/sensor and the Gpr1/Gpa2 G proteincoupled receptor system, which affect the PKA pathway (35, 36, 57). Evidence within and outside the filamentous response suggests links of Snf1 to the Ste-MAPK, TOR, and PKA pathways (3, 8, 20, 43 ).
The molecular mechanisms by which various stresses, including glucose limitation, may regulate the Snf1-activating kinases remain unknown. Our results suggest that Sak1 is involved in nitrogen signaling upstream of Snf1. It will be interesting to determine whether Sak1 represents a direct regulatory substrate for one or more of the many protein kinases involved in controlling pseudohyphal differentiation. This could illuminate the molecular mechanisms of Snf1 regulation not only by nitrogen limitation but also by other stresses. 
